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Abstract 
Human biomechanical parameters such as range of motion can serve for evaluation of rehabilitation process, detecting disease or 
assessing training activities of the individual. MEMS sensors are today one of the most important innovation tools and are used in 
all kinds of applications, including measurements of human biomechanical parameters. Proposed article deals with validation of 
use of MEMS sensors for purposes of stroke patients’ rehabilitation and related measurements such as range of motion and 
provides description of the most common mistakes that may occur when such measurements would be include in a tele-
rehabilitation application. 
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1. Introduction 
Mobility means freedom, flexibility and autonomy for all human beings and plays a very important role in 
promoting healthy life. The upper extremities play very important role in daily activities of people. People who 
conquer stroke suffer because of functional changes in the sensory, neurological and musculoskeletal systems. These 
changes affect several motor tasks including loss of functions in upper extremities. In rehabilitation field, there are 
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many projects that concentrate on evolvement of innovative rehabilitation approaches, procedures, technology and 
tools. Authors have been involved [0] and continue in the development of wireless measurement tools in 
rehabilitation process of human motion system. In this paper we concentrate on rehabilitation training of stroke 
patients by applying rehabilitation robotics. One important part of the rehabilitation process is measurement of 
training efficiency. We describe in this paper measurement of patients’ abilities before a rehabilitation process starts. 
In rehabilitation procedures, evaluation of range of motion (RoM) parameters is important mean for determining 
of rehabilitation progress or changes in patient’s condition, as well as determining treatment objectives [2]. In 
clinical practice, there are several used ways of such measurements, e.g. goniometer, inclinometer, visual estimation 
of passive RoM or even using of still photographs. Several studies has been conducted to assess the reliability of 
goniometric measurements and visual estimates or to compare the individual methods of measurement. Using of 
different methods for RoM measurement leads to results with differentia in values for the same type of movement, in 
some cases up to 10° or more [3, 0, 5]. Increase in use of micro-electromechanical systems (MEMS) in all sorts of 
consumer’s electronics led to development of cheap and reliable sensors with good sensing performance and thus 
enabled development of new kinds of devices and services, such as wearable sensors and relevant platforms. 
Utilization of wearable devices based on MEMS sensors has wide variety of advantages – it is cheap, small, light, 
reliable, non-obtrusive, can perform long term measurement. Application of wearable sensors for evaluation of 
human biomechanical parameters such as RoM can be for these reasons an important innovation tool for clinical use, 
and many research projects have been recently aimed on developing of either hardware or software solutions for 
such purposes or even for home rehabilitation [6, 7, 0, 9].  
The shoulder joint has the greatest range of motion of all joints and it is one of the most essential joints for typical 
daily activities, such as drinking, eating or door opening. For patients after stroke it is priority to revitalize motion in 
shoulder joint. Therefore, we focused our research on shoulder RoM evaluation and on development of appropriate 
methods for use in home rehabilitation or telemedicine services. In the following chapters, our approach of using 
wearable sensor to measure shoulder RoM and its evaluation by simple, yet effective software tool is described.  
2. Measurements and RoM calculation model 
2.1. Experimental setup 
In this experiment, we aimed our interest on the basic shoulder movements – flexion, extension and abduction. 
For our measurements, four men participants volunteered, varying in age from 25 to 29, each performing sport 
activities such as tennis, squash or gym. Subjects were seating on the stool with a back support; inertial 
measurement unit (IMU) was placed on the back side of forearm, as it is suggested in [6] to be able to follow distal 
segment of arm - wrist position. For evaluation of the functionality of the upper extremities is important to know 
how skill is the arm to reach a target in space.  Experimental data was recorded using IMU of our own design [10, 
11], comprising of MEMS 3-axial accelerometer and gyroscope. Each subject repeatedly conducted the given 
exercise and data was sent to computer with the frequency of 60Hz and saved into file. Each of individual 
movements, whether flexion, extension or abduction, should be conducted only in one plane – sagittal or transversal. 
For assessing the accuracy of exercise performing, limb movement was simultaneously monitored by SMART video 
capturing system for motion analysis; visual marks and IMU were placed as shown on Fig.1. 
 
Fig. 1. Placement of visual marks and IMU during experiment 
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Methodology of measurements is important, because it can affect the results significantly. We based our 
computational model on multiple trials with subjects that were informed how they should conduct given movements. 
However, there were mistakes in performing the exercises, resulting in movements happening in two planes instead 
of one or incorrect performing due to limb’s rotation.  
2.2. Calculations of Range of Motion (RoM) 
For RoM computing, we used information about tilt in each axis obtained from accelerometer data, as well as 
information about angular velocity from gyroscope. Accelerometer on one hand, provides long term stability but is 
sensitive to short term perturbations such as vibrations, while on the other hand, gyroscope provides short-term 
stability to the measurements but drifting effect appears and biases the measurement. Hence, for filtering 
accelerometer data, low pass filter is suitable, whereas high pass filter for gyroscope. Our approach is threshold-
based and reads data from text file, where values are monitored in two time steps – time step k and time step k-3 
frames, where absolute value of angular velocity (1) serves for detection of beginning or end of limb’s movements.  
222
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where ȦR, ȦP, ȦY are values of angular velocity in each individual axis of gyroscope. Time frame tEB marks time 
when |Ȧk| begun exceeding threshold TȦ and thus we assume that movement started and condition (2) has to be true. 
Time frame tEE represents time when value |Ȧk| falls below threshold and it is determined if condition (3) is true. 
Value of TȦ was set experimentally and after trials, we decided to set TȦ=25deg/sec. 
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Tilt is being calculated for tEB and for tEE according to (4) and its modifications for each individual axis and 
differentia of tilt ǻș in time frames tEB and tEE is calculated (5), where ax, ay, az are acceleration data in each axis and 
șB, șE are tilt values for beginning (index B) or end (index E) of the movement. 
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Computational model was implemented into simple interface (Fig.2) based on .NET framework, and it is 
intended for home rehabilitation or telemedicine purposes and therefore it is designed to be user-friendly.  
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Fig. 2. RoM evaluator interface 
3. Evaluation of measurements 
The following section is organized into two subsections, which deals with evaluation of RoM measurements by 
IMU and with the common mistakes of subjects during the measurements that may significantly influence the 
overall accuracy or reliability of measurement. 
3.1. IMU measurements of RoM 
Data acquired by IMU were processed by prototypal interface presented in previous section. Average value of 
RoM for each type of exercise was computed by interface and additional calculations of standard deviation and 
standard error of measurements were done externally. The summary information from measurements is in table 1. 
The final values are in the intervals of usual RoM for given exercise, however the values shows low fluctuations 
represented by standard deviation.  
 
     Table 1. Results of IMU measurements. 
Exercise type Mean± SD SEM 95%CI 
Abduction 120,9±25,57 7,67 15,34 
Flexion 155,3±24,4 7,32 14,64 
Extension 49,4±12,45 3,73 7,46 
 
Results provided by SMART system for motion analysis proved the reliability of IMU-based measurements only 
partially. Limb’s movement was evaluated using marks placed on shoulder and the wrist, as it was expected that arm 
would be straight and points could be virtually connected by line. Visual marks placed on elbow were intended for 
checking of exercises and virtual lines would cross the points. For reconstruction of limb’s movement, the additional 
visual mark was added on the place where IMU was during the experiment. Values were evaluated firstly for 
assumption that shoulder, elbow and wrist joint marks are on the same line and secondly for assumption that arm is 
unintentionally abducted in elbow joint and thus only shoulder joint mark was connected with IMU mark. When 
compared, exercises such as abduction and extension provided similar results with minor changes in values between 
first and second assumption, whereas performing of flexion was significantly influenced by inappropriate exercises 
which led to differentia up to 20° during some performances. Fig. 3 shows comparison of results of measurement, 
where arm was abducted in elbow joint unintentionally by subjects (blue color for first assumption, red color for use 
of additional visual mark). 
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Fig. 3. Angle of misalignment of forearm and upper arm, (a) abduction, (b) extension, (c) flexion 
 
3.2. Common mistakes of performing impacting the accuracy 
During development and experimental phases, we noticed the most common mistakes done by volunteers and 
that have significant impact to results and it is of the utmost priority to propose the methodology of measurement 
that would exclude possible error inputs, as well as it would have also suitable tool for detection of mistakes. The 
most common mistakes during testing were abduction in elbow joint, rotation of the limb, very fast performing and 
shaking the limb. As mentioned above, abduction in elbow leads to introducing error angle ĳ, as depicted in Fig.4, 
and it is probably the most difficult to recognize from measured data. Rotation of limb may be recognized from 
angular velocity or rotations in secondary axis by suitable classifier. Fast performing and limb shaking may cause 
malfunction or mistakes in computational model and thus bias the results. 
 
 
Fig. 4.  Angle of misalignment of forearm and upper arm 
4. Conclusion 
MEMS sensors are the key element for innovative solutions in vast majority of fields, including measurements of 
human biomechanical parameters such as range of motion. The biggest challenge for development of reliable 
application is having an appropriate methodology and its obedience by prospective users. Introductory experiments 
of IMU utilization for remote measurements of human biomechanical parameters, such as range of motion is 
described in this article. Results of experimental testing proved feasibility of such application. However, it should be 
highlighted that controlling tools for exercises’ performing are necessary in order to obtain representative results, 
since inappropriate values could lead to incorrect diagnosis or mistaken evaluation of rehabilitation progress as is 
described in the last section.  
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